MicroRNA-149 (miR-149) is located within the first intron of the glypican-1 (GPC1) gene. GPC1 is a low affinity receptor for fibroblast growth factor (FGF2) that enhances FGF2 binding to its receptor (FGFR1), subsequently promoting FGF2-FGFR1 activation and signaling. Using bioinformatic approaches, both GPC1 and FGFR1 were identified and subsequently validated as targets for miR-149 (both the mature strand, miR-149, and the passenger strand, miR-149*) in endothelial cells (ECs). As a consequence of their targeting activity towards GPC1 and FGFR1, both miR-149 and miR-149* regulated FGF2 signaling and FGF2-induced responses in ECs, namely proliferation, migration and cord formation. Moreover, lentiviral overexpression of miR-149 reduced in vivo tumor-induced neovascularization. Importantly, FGF2 transcriptionally stimulated the expression of miR-149 independently of its host gene, therefore assuring the steady state of FGF2-induced responses through the regulation of the GPC1-FGFR1 binary complex in ECs.
INTRODUCTION
Angiogenesis is the formation of new blood vessels from pre-existing vasculature during various physiological and pathological conditions, including embryonic development, wound repair and tumor growth (Carmeliet, 2005; Folkman, 1984; Jain, 2005) . The angiogenic process involves a switch from normal quiescent vasculature to an activated state in which endothelial cells (ECs) acquire a proliferative, migratory and morphogenic phenotype (Folkman, 1984) , and is a change in the balance between pro-and anti-angiogenic factors towards a proangiogenic function (Jain, 2005) . Although there are many angiogenic inducers, vascular endothelial growth factor (VEGF, also termed VEGF-A) and basic fibroblast growth factor (bFGF, also termed FGF2), both members of the VEGF and FGF family of growth factors, are probably the most important and potent ones (Cross and Claesson-Welsh, 2001; Olsson et al., 2006; Presta et al., 2005) . Their pro-angiogenic effects are mediated through VEGF receptor 2 (VEGFR2) (Cross and Claesson-Welsh, 2001; Olsson et al., 2006; Presta et al., 2005) or FGF receptor 1 (FGFR1) (Cross and Claesson-Welsh, 2001; Olsson et al., 2006; Presta et al., 2005) , respectively. Interestingly, a large number of the angiogenic factors (including those mentioned above) have been found to bind to heparan sulphate proteoglycans (HSPGs) (Gengrinovitch et al., 1999; Zhang et al., 2001) . HSPGs are ubiquitous components of the cell surface (syndecans and glypicans) and extracellular matrix (perlecan) (Iozzo and Sanderson, 2011) . Indeed, their presence at the cell surface and in the extracellular environment is crucial to many physiological processes including angiogenesis (Iozzo and Sanderson, 2011) . The aberrant expression of a number of these HSPGs has been implicated in a variety of human malignancies (Iozzo and Sanderson, 2011; Sasisekharan et al., 2002) .
Glypicans (GPCs) are glycosyl-phosphatidylinositol-anchored (GPI-anchored) HSPGs (Fico et al., 2011; Filmus et al., 2008) that are expressed during normal development in a stage-and tissue-specific manner (Filmus et al., 2008) . There are six members of the GPC family. GPC1 is involved in tumorigenesis and angiogenesis, and is frequently overexpressed in different human malignancies including pancreatic carcinoma, breast cancer and glioma (Aikawa et al., 2008; Kleeff et al., 1998; Kleeff et al., 1999; Matsuda et al., 2001; Su et al., 2006) . GPC1 has been proposed to act as a co-receptor for FGF that enhances the binding of FGF to its receptor, subsequently promoting FGF-FGFR activation and signaling (Zhang et al., 2001) . GPC1 is highly expressed in ECs from human glioma blood vessels, whereas its expression is barely detectable in normal brain ECs (Qiao et al., 2003) . Interestingly, in vitro studies in mouse brain micro-vascular ECs have shown the crucial role of GPC1 in EC proliferation and cell cycle progression (Qiao et al., 2008) .
It is currently accepted that small non-coding RNAs, microRNAs (miRNAs), are key regulators of several cellular processes (Bushati and Cohen, 2007) , including angiogenesis (Caporali and Emanueli, 2011; Suárez and Sessa, 2009; Thum, 2012; Urbich et al., 2008; Wang and Olson, 2009 ). This regulatory control is carried out through repression of gene expression at the post-transcriptional level (Bartel, 2009 ). Interestingly, miR-149 is found within the first intron of GPC1 (Jin et al., 2011) and its expression is downregulated in different solid tumors (Jin et al., 2011; Li et al., 2011; Øster et al., 2013; Wang et al., 2013) . Moreover, overexpression of miR-149 in glioma and colorectal cancer cells results in reduced proliferation and migration, thus suggesting that miR-149 might play a role as a tumor suppressor (Jin et al., 2011; Li et al., 2011) . Taken together, these studies suggest that miR-149 and its host gene have different expression patterns and cellular functions.
Although the role of GPC1 in mouse brain ECs has been reported, the function of miR-149 in ECs remains to be determined. In the present study, we sought to investigate the role of miR-149 in the angiogenic activity of human ECs through targeting of FGFR1 and GPC1. In addition, we examined the mechanism that controls its independent expression from its host gene, GPC1.
RESULTS

Expression pattern of miR-149
miR-149 is encoded by intron 1 (22.9 kb) of the human GPC1 gene. The sequence of miR-149 found in human, mouse, cow and chimpanzee is identical, and the pre-miRNA is highly conserved in mammals (supplementary material Fig. S1A ). In order to investigate the relationship between miR-149 and its host gene, we first analyzed the expression of GPC1, miR-149 (both mature sequences, i.e. the guide, miR-149, and the passenger, miR-149*) and the primary transcript of miR-149 (pri-miR-149) in a panel of human tissues. The expression pattern of miR-149 shows that the expression of the mature forms do not parallel that of GPC1, consistent with the idea that miR-149 is expressed independently of its host gene (Fig. 1A,C) . Consistent with this, expression analysis of pri-miR-149 further revealed the lack of correlation with the expression of GPC1 (Fig. 1A,G) . Interestingly, in addition to the brain, both miR-149 and miR-149* showed a high level of expression in lung and placenta (Fig. 1C,E) . These tissues are highly enriched in ECs and the latter is a well-accepted angiogenic tissue (Reynolds and Redmer, 2001) .
We next examined the expression pattern of GPC1, pri-miR-149 and both miR-149 and miR-149* in a panel of human primary ECs including HBMECs, HAECs and HUVECs (Fig. 1B,D,F,H) . The expression level of GPC1 was higher in both HAECs and HUVECs than in HBMECs (Fig. 1B) . This is consistent with a previous report that indicates that the expression of GPC1 is barely detectable in normal brain ECs (Qiao et al., 2008) . The expression of GPC1 was measured in U251 glioma cells as a positive control (Fig. 1B) (Su et al., 2006) . Consistent with the data observed in tissue, the expression of miR-149, miR-149* and pri-miR-149 did not correlate with the expression of the host gene (Fig. 1B,D,F,H) . In particular, the expression level of GPC1 was lower in ECs than U251 cells (Fig. 1B) , whereas the expression of both miRNAs was higher in ECs than U251 cells (Fig. 1D,F) .
miR-149 targeting activity
To gain insight into the function of miR-149 in ECs, we first analyzed its potential gene targets using several miRNA-targetprediction algorithms (i.e. miRanda, DIANA, miRWalk, PicTar and TargetScan). This analysis revealed 6798 and 6829 predicted target genes in humans for miR-149 and miR-149*, respectively. Specifically, both strands shared predicted binding sites in 3823 genes. We next determined whether the predicted targets of miR-149 and miR-149* were preferentially connected to any specific biological process.
Using Protein Analysis Through Evolutionary Relationships (PANTHER, version 7) analysis (Mi et al., 2010) , we observed an enrichment in genes implicated in the control of angiogenesis. Indeed, angiogenesis was the most significant pathway for both miR-149 and miR-149*, with P values of 5.12610 24 and 1.71610
23
, respectively (supplementary material Fig. S2A,B) . Moreover, both miRNAs shared 61 predicted target genes that are involved in the angiogenic process, most of them as positive regulators (supplementary material Table S1 ).
From the set of predicted targets, we selected FGFR1 and GPC1 for further analysis; the rationale for this selection was based on: (1) the well-established role of FGFR1 and its ligand FGF2 in EC angiogenesis (Gerwins et al., 2000; Presta et al., 2005) , (2) the role of GPC1 as a low-affinity receptor for FGF (Zhang et al., 2001 ) that promotes FGF2 binding to its receptor (FGFR1), potentiating FGF signaling (Fico et al., 2011; Filmus et al., 2008; Gerwins et al., 2000; Iozzo and Sanderson, 2011; Presta et al., 2005; Qiao et al., 2003; Su et al., 2006) , (3) the fact that GPC1 has been shown to modulate EC proliferation (Qiao et al., 2012; Qiao et al., 2003; Qiao et al., 2008) , (4) the finding that FGFR1 regulation by miRNAs negatively controls EC angiogenic functions (Chamorro-Jorganes et al., 2011) , (5) the fact that the regulation of host genes by their intronic miRNA has been shown to be biologically relevant (Nikolic et al., 2010) (Megraw et al., 2010) , and (6) the finding that these genes showed a relatively high number of predicted binding sites for miR-149 and miR-149* in their 39 untranslated regions (39UTRs). Indeed, miRNA target algorithms found nine binding sites in the FGFR1 39UTR (three for miR-149 and six for miR-149*) and 12 binding sites in the GPC1 39UTR (four for miR-149 and eight for miR-149*) (supplementary material Fig. S1B ).
To address whether miR-149 or miR-149* could mediate the post-transcriptional regulation of FGFR1 and GPC1 in ECs, HUVECs were transfected with miR-149, miR-149* or nontargeting control mimic, and the effect on FGFR1 and GPC1 protein levels was analyzed by western blotting (Fig. 2A) or flow cytometry (Fig. 2B) , respectively. Notably, the overexpression of miR-149 or miR-149* decreased FGFR1 and GPC1 protein levels. However, the opposite results were obtained in a more physiologically relevant system where the endogenous miR-149 or miR-149* were inhibited with specific inhibitors (I-miR-149 and I-miR-149*) (Fig. 2C,D) . Similar results were also observed for FGFR1 and GPC1 at the mRNA level (supplementary material Fig. S2C,D) .
To ascertain the predicted miRNA-mRNA interactions, FGFR1 and GPC1 39UTRs were sub-cloned into a luciferase reporter vector. The constructs were co-transfected into COS7 cells along with miR-149, miR-149* or control mimic. miR-149 significantly reduced (,25%) the FGFR1 (Fig. 2E) and GPC1 (Fig. 3G ) 39UTR activity. Notably, the effect of miR-149* on the FGFR1 (Fig. 2F) and GPC1 (Fig. 3H) 39UTR activity was stronger than that of miR-149 (,30% and 50% reduction, respectively). Given the high density of predicted binding sites for miR-149 and miR-149* in both FGFR1 and GPC1 39UTRs (supplementary material Fig. S1B ), we decided to study in detail only the sites with the strongest mirSVR score provided at http:// www.mircrorna.org (Bartel, 2009; Betel et al., 2010; Betel et al., 2008) , which are indicated in bold in supplementary material Fig.  S1B . Importantly, mutation of sites 1 and 2 for miR-149 in the FGFR1 and GPC1 39UTRs significantly relieved the effect of miR-149 on luciferase activity (Fig. 2E ,G, respectively). Mutations of sites 3, 4 and 5 for miR-149* abrogated the repression of FGFR1 and GPC1 39UTR activity (Fig. 2F,H ) by miR-149*. Taken together, these data are consistent with a direct interaction of miR-149 or miR-149* with the FGFR1 and GPC1 39UTRs, in line with the observed effects at the protein level ( Fig. 2A,B) .
Role of miR-149 in the angiogenic capacity of ECs
Considering that both GPC1 and FGFR1 are necessary for the mitogenic effects of FGF in several cell types (Fico et al., 2011; Filmus et al., 2008; Gerwins et al., 2000; Iozzo and Sanderson, 2011; Presta et al., 2005; Qiao et al., 2003; Su et al., 2006) , and that both miR-149 and miR-149* regulate the protein levels of GPC1 and FGFR1 in ECs, it was of interest to determine whether ERK1 and ERK2 activation was attenuated in ECs transfected with either miR-149 or miR-149*. As seen in Fig. 3A , ERK1/2 phosphorylation was reduced in response to FGF2 stimulation in ECs overexpressing miR-149 (Fig. 3A , left panel) or miR-149* (Fig. 3A , right panel). Taken together, these data suggest that these miRNAs control the angiogenic responses of ECs by regulating FGF2 signaling through GPC1 and FGFR1.
In order to address whether miR-149 and miR-149* participate in the regulation of angiogenic functions of ECs in vitro, we studied their effects on proliferation, migration and cord formation. First, we tested the effect of miR-149 or miR-149* on EC proliferation by counting the cells (Fig. 3B ). Both miRNAs reduced the number of cells. This effect was not due to increased apoptosis but due to a cell cycle delay, as indicated by a diminished incorporation of BrdU (supplementary material Fig.  S2E ). These results are in agreement with a previous report that has shown that miR-149 overexpression reduces the proliferation of a glioblastoma cell line (Li et al., 2011) and indirectly agree with reports that indicate that GPC1 levels are important for EC proliferation and cell cycle progression (Qiao et al., 2008) . We next assessed whether miR-149 or miR-149* could affect the migratory and morphogenic capacities of ECs in response to FGF2. Notably, the overexpression of both miRNAs reduced both basal and FGF2-induced migration and cord formation of ECs (Fig. 3C,E) . Importantly, inhibition of the endogenous levels of both miRNAs increased migration (Fig. 3D ) and cord formation (Fig. 3F ) of ECs in both basal and FGF2-stimulated conditions. Taken together, these data indicate that both miRNAs regulate EC angiogenic responses, and are consistent with their targeting activity on FGFR1 and GPC1. We additionally studied the role of miR-149 in tumor-induced neovascularization. As expected, the expression of miR-149 was increased in tumors injected with miR-149-overexpressing lentiviral particles (Fig. 4C) . Interestingly, and in agreement with the previously described effects of miR-149 during the angiogenic responses of ECs, a reduction of platelet endothelial cell adhesion molecule 1 (PECAM-1)-positive structures (in cross-sections; Fig. 4D ) in the tumor-associated vasculature was observed, as well as an overall reduction of tumor growth (volume and weight) (Fig. 4A,B) . These data suggest that the function of miR-149 in the angiogenic vessels is important for optimal tumor angiogenesis and tumor growth.
Regulation of miR-149 expression in ECs
Recent reports have shown that pro-angiogenic cytokines can regulate the expression of miRNAs (Chamorro-Jorganes et al., 2011; Suárez et al., 2008; Wang and Olson, 2009 ). Therefore, we asked whether FGF2 could regulate miR-149 expression, thus providing negative feedback upon FGF2 stimulation by regulating the production of FGFR1 and GPC1. For this purpose, ECs were treated with FGF2 at the times indicated and the expression of primiR-149, its host gene (GPC1) and mature miR-149 (both guide and passenger strands) was measured (Fig. 5A,B) . The genes encoding plasminogen activator inhibitor type 2 (PAI-2, also known as SERPINB2) and AXL receptor tyrosine kinase (AXL) were used as controls for FGF2 action (supplementary material Fig. S2F ) because the expression of these genes in ECs has been shown to be induced or inhibited, respectively, upon FGF2 treatment (Jih et al., 2001) . We found that FGF2 induced the expression of pri-miR-149 as early as 2 h after treatment, and that this expression peaked at 4 h and gradually reduced to basal levels by 16 h after treatment. By contrast, the mRNA level of the host gene, GPC1, remained unaffected for the first 6 h and then reduced at 8 and 16 h after treatment (Fig. 5A ). Consistent with pri-miR-149 induction, the levels of mature miR-149 and miR-149* were also induced upon FGF2 treatment and peaked at 6 h (Fig. 5B) . These results were further corroborated by northern blot analysis (Fig. 5C ). To investigate whether FGF2 induced the expression of pri-miR-149, ECs were pre-treated with the transcription inhibitor actinomycin D prior to FGF2 stimulation. As shown in Fig. 5D , the level of pri-miR-149 was not increased when cells were pretreated with actinomycin D. In addition, the mRNA level of GPC1 remained unaffected (Fig. 5D ). These data suggest that miR-149 is regulated at the transcriptional level by FGF2 independently of its host gene and support the idea that miR-149 has its own independent promoter within the first intron of GPC1. A previous report has shown that there is a predicted transcriptional start site (TSS) located at the 59 end of validated expressed-sequence tags (ESTs) within 3.1 kb upstream of the miR-149 sequence. In addition, a computational algorithm has identified CpG islands located at the predicted TSS (Monteys et al., 2010) . Using the ENCODE Broad Chromatin State Segmentation Track (Ernst and Kellis, 2010) to identify the potential promoter region and/or regulatory site(s) involved in the regulation of the expression of miR-149 by FGF2, we identified three regions with different chromatin states in HUVECs (supplementary material Fig. S1C ). Specifically, a repressed region (indicated as region 1), a poised promoter (indicated as region 2) and a second repressed region (indicated as region 3), located 2.5 kb, 3.6 kb and 4.3 kb, respectively, upstream of the miRNA sequence were cloned in a pGL3 promoter vector. As shown in Fig. 5E , at 2 h after FGF2 stimulation only Region 3 showed an increase in luciferase activity. Interestingly, in our in vitro system Region 1 (proximal to miR-149) showed a higher basal luciferase activity than Region 3 (Fig. 5E) , thereby suggesting that Region 1 maintains some degree of basal promoter activity and that Region 3 is activated upon FGF2 stimulation.
Taken together, these data indicate that FGF2 stimulates the transcription of miR-149 without inducing that of its host gene. Indeed, GPC1 mRNA and protein levels decreased after 8-16 h of FGF2 stimulation (Fig. 5A and supplementary material S2G, respectively). These data suggest a possible downregulation of the host gene by FGF2-induced miR-149 and/or miR-149*, through direct targeting as shown above (Fig. 2) . Interestingly, a similar effect was observed when we analyzed FGFR1 expression after FGF2 treatment (supplementary material Fig. S2H ). To verify whether the downregulation of GPC1 and FGFR1 was mediated by miR-149 and miR-149* expression, we inhibited both miRNAs prior to FGF2 treatment. As shown in Fig. 5F , the mRNA levels of GPC1 and FGFR1 were decreased upon FGF2 treatment when cells were transfected with control inhibitor. By contrast, transfection with the inhibitors of miR-149 and miR-149* before FGF2 stimulation prevented the miR-149-mediated downregulation of GPC1 and FGFR1 (Fig. 5F ). Taken together, these findings suggest that FGF stimulates the expression of miR-149 to fine tune the levels of FGFR1 and GPC1 and to assure the steady state level of FGF2-induced responses in ECs, thus providing a negative-feedback regulation to this pathway (Fig. 6 ).
DISCUSSION
FGF2 classically transmits its signals through the high-affinity tyrosine kinase receptor FGFR1, thereby stimulating a wide range of EC functions including migration, proliferation, differentiation and survival. However, recent evidence strongly implicates other cellsurface FGFR-interacting proteins as important players in FGF signaling. In this regard, HSPGs, including GPC1, have been shown to facilitate FGF-FGFR binding and stabilization of the receptorligand complex in several cell types including ECs (Elfenbein et al., 2012; Qiao et al., 2003; Su et al., 2006) . GPC1 has been shown to act as a co-receptor of many angiogenic factors, including FGF, and it is upregulated in different cancers, as well as in ECs isolated from human gliomas, where it enhances FGF signaling. The expression of GPC1 in both tumor cells and host ECs appears to contribute to tumor growth and angiogenesis. In this regard, ECs from gliomas express high levels of GPC1, which contributes to the angiogenic responses of ECs, including proliferation. Interestingly, miR-149 is located within the first intron of the GPC1 gene and, in contrast to its host gene, its expression is reduced in several human malignancies and it is thought to play a role as a tumor suppressor. In this work, we investigated the functional relationship between the miRNA host gene (GPC1) and putative targets of the corresponding intronic miRNA (miR-149) in the context of ECs.
There is an increasing body of evidence that suggests that the miRNA* (also known as the passenger strand) also has important regulatory activity. Therefore, we analyzed the potential targeting activity of both strands of miR-149. In this regard, recent reports suggest that, depending on the tissue, miRNA*s can have a more prominent functional role than previously assumed (Yang et al., 2011) . We have found that both strands of miR-149 control a complex network of genes that are involved in the regulation of angiogenesis; genes that have roles in processes including proliferation, cell migration and adhesion, cell differentiation and morphogenesis. Interestingly, the two strands showed an overall different pattern of expression, which is in agreement with the described tissue-dependent mechanisms of strand selection (Okamura et al., 2008; Ro et al., 2007) . However, we found that in addition to brain, miR-149 and miR-149* were highly coexpressed in EC-enriched tissues, such as lung and the wellaccepted angiogenic tissue, placenta (Reynolds and Redmer, 2001) . Even though miR-149 and miR-149* do not have the same seed sequence, they share 61 out of the 97 and 96 predicted targets involved in angiogenesis, respectively. When both strands are coexpressed in ECs, this is likely to enrich the heterogeneity and the targeting activity of miRNA-mediated repression of the angiogenic pathway, therefore promoting cooperative silencing activity. Among the predicted targets identified for miR-149 and miR-149*, of special interest was the identification of FGFR1 and GPC1 as targets for both strands of miR-149. In fact, the 39UTR of FGFR1 and GPC1 showed high enrichment in predicted sites for both miR-149 and miR-149*. In this regard, it is well accepted that the strength of repression by a given miRNA is dependent on the density of binding sites within a 39UTR (Bartel, 2009; Hon and Zhang, 2007) . Interestingly, our data show that both miR-149 and miR-149* regulate the expression of FGFR1 and GPC1 by targeting the FGFR1 and GPC1 39UTR. Consistent with this targeting activity, miR-149 and miR-149* negatively regulate FGF2 signaling. This involves a reduced activation of mitogenactivated protein kinase kinase (MEK), with a consequent diminished phosphorylation of extracellular signal-regulated kinases (ERK1/2) (Gerwins et al., 2000; Presta et al., 2005) . In agreement with our results, other groups have demonstrated that a reduction in FGFR1 levels in ECs impairs the angiogenic responses to FGF2 (Gerwins et al., 2000; Presta et al., 2005) . Additionally, GPC1 is responsible for maintaining cell surface FGF2 at levels that are sufficient to activate FGFR1, ensuring the activation of target genes. In the absence of GPC1, FGF2 levels at the cell surface are reduced and the activity of signal transduction pathways is diminished. Conversely, when GPC1 is overexpressed and FGF2 levels at the cell surface remain elevated (upon angiogenic stimulation), the activation of the FGFR1 pathway is increased. However, in this scenario the signaling activity might also be reduced if FGF2 is sequestered from FGFR1 by the increased levels of GPC1 at the cell surface (Fico et al., 2011; Qiao et al., 2003; Su et al., 2006) . Interestingly, in the context of ECs, the knockdown of GPC1 inhibits cell growth, whereas its overexpression can either promote cell proliferation or disrupt cell cycle progression, depending on the expression level of GPC1 (Qiao et al., 2012; Qiao et al., 2008) . Taken together, this suggests that the levels of GPC1 need to be tightly regulated in order to ensure the adequate control of cell cycle progression in ECs. Our data suggest that both miR-149 and miR-149* participate in the regulation of EC proliferation in response to FGF by fine tuning the levels of GPC1 as well as FGFR1. In another scenario, miR-149 has been reported to inhibit proliferation and cell cycle progression by targeting ZBTB2, which is a repressor of the ARF-HDM2-p53-p21 pathway in gastric cancer cells (Wang et al., 2012) . Moreover, miR-149* has been reported to negatively regulate AKT1 and E2F1 expression, thereby inducing apoptosis in human cancer cells (Lin et al., 2010) . However, in the context of ECs we have not observed any effect on apoptosis. Intronic miRNAs can be co-transcribed with their host gene [e.g. miR-208 and miR-33 are encoded in an intron of aMHC (van Rooij et al., 2007) or SREBP (Rayner et al., 2010) , respectively]. This host-miRNA co-expression can have a specific functional role. In fact, an intronic miRNA can support the function of its host gene by silencing genes that are functionally antagonistic to the host, or can more generally act synergistically with the host by coordinating the expression of genes with related functions (Lutter et al., 2010) . Other studies also indicate that intronic miRNAs can directly participate in the regulation of the expression of their host gene [e.g. the regulation of EGFL7 by its intronic miRNA miR-126 (Nikolic et al., 2010) , and the regulation of ARPP-21 by miR-128b (Megraw et al., 2010) ], providing negative feedback regulation (Lutter et al., 2010) . By contrast, there are interesting examples that indicate that intronic miRNAs can also be transcribed from their own regulatory elements (e.g. miR-21 is encoded by an intron of TMEM49 gene) (Löffler et al., 2007) . Indeed, independent expression from intronic promoters could be one of the molecular mechanisms that explains why the expression of the miRNA and the host gene does not always correlate (Lutter et al., 2010; Monteys et al., 2010) . In our case, the low correlation in the expression profiles of miR-149 (both mature and primary transcripts) and its host gene in a panel of human tissues and cell lines was indicative of independent transcriptional regulation. Indeed, the region upstream of miR-149 contains three different chromatin states in HUVECs. Interestingly, in other cell types the chromatin state of these regions was different, which might explain the differences in miR-149 expression pattern between different cell types. We found that FGF2 stimulates the promoter activity of miR-149, thereby inducing the expression of its primary transcript without inducing the expression of its host gene. A recent report shows a melanoma-specific upregulation of both miR-149* and the host gene by p53 under endoplasmic reticulum (ER) stress (Jin et al., 2011) . Although the transcriptional activation of GPC1 by p53 is experimentally supported, the authors only measure the levels of the mature miR-149*, therefore they cannot determine whether the miR-149* induction was due to ER stress-induced processing and/or stabilization of miR-149*. In fact, p53 has recently been demonstrated to interact with the Drosha miRNA processing complex, thus facilitating the processing of primary miRNAs to precursor miRNAs (Suzuki et al., 2009 ). In any case, our results indicate that the induction of miR-149 by FGF is additionally contributing to the overall inverse expression observed between miR-149 and GPC1. In this regard, we have previously shown that this type of miRNA-mediated regulation is important to fine tune both inflammatory (Suárez et al., 2010) and angiogenic responses of ECs (Chamorro-Jorganes et al., 2011), thereby participating in the maintenance of steady-state conditions in ECs (Inui et al., 2010) .
The timely termination of the angiogenic response is as important as its initiation. A persistent or exaggerated angiogenic growth leads to detrimental effects (Yancopoulos et al., 2000) . Therefore, in accordance with the complex and highly coordinated activation phase, negative regulatory processes have evolved and function at multiple levels to impose an appropriate termination. Diverse mechanisms operate in ECs to shutdown the activity of the proangiogenic signaling pathway. Several lines of evidence indicate that the regulation of miRNA levels by different stimuli might contribute to the regulation of the specific stimulus-induced responses (Inui et al., 2010) .
Our present findings show that FGF2 stimulates the expression of intronic miR-149 independently of its host gene to provide a finely tuned regulation of GPC1 and FGFR1, co-receptor and receptor for FGF2, respectively, thereby assuring the steady state of FGF2-induced responses in ECs (Fig. 6 ). As we improve our knowledge about these events, further molecular elucidation might provide novel strategies for therapeutic intervention of vascular growth.
MATERIALS AND METHODS
Cell culture
Human umbilical vein endothelial cells (HUVECs) were purchased from the tissue culture core laboratory of the Vascular Biology and Therapeutics program (Yale University, New Haven, CT) and were cultured on 0.1% gelatin (Sigma, St Louis, MO) in M199 containing 20% FBS and supplemented with endothelial cell growth supplement (ECGS) (BD Biosciences, San Jose, CA). Bovine aortic endothelial cells (BAECs) were purchased from Lonza (Allendale, NJ) and were cultured in DMEM containing 10% FBS. Human aortic endothelial cells (HAECs) were purchased from Lonza and were cultured in EBM-2. Human brain microvascular endothelial cells (HBMECs) were generated and kindly provided by Ana Rodriguez (New York University, NY) and cultured in ECM (Sciencell Research Laboratories, Carlsbad, CA). U251 cells were purchased from Sigma and cultured in DMEM containing 10% FBS.
microRNA transfection
ECs were transfected with 30 nM miRNA mimics (miR-149 and miR-149*) or 60 nM miRNA inhibitor (I-miR-149 and I-miR-149*) (Dharmacon, Lafayette, CO) using Oligofectamine (Invitrogen, Carlsbad, CA) for 48 h, as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2007; Suárez et al., 2008; Suárez et al., 2010) . All experimental control samples were treated with an equal concentration of a non-targeting control mimic sequence or an inhibitor negative control sequence (CI).
39UTR and promoter luciferase reporter assays
The generation of FGFR1 39UTR luciferase reporter plasmids was reported previously (Chamorro-Jorganes et al., 2011) . A similar strategy was followed for the generation of the GPC1 39UTR luciferase reporter vector. Point mutations in the seed region of the predicted miR-149 or miR-149* target sites within the 39UTR of FGFR1 and GPC1 were generated using Multisite-QuikChange (Stratagene, La Jolla, CA) according to the manufacturer's protocol. Briefly, COS-7 cells were co-transfected with 0.5 mg of the indicated 39UTR luciferase reporter vectors and miR-149, miR-149* or control mimic using Lipofectamine 2000 (Invitrogen) for 24 h.
The promoter regions were cloned into a pGL3 promoter vector (Promega). The primer sequences used were: repressed region (region 1), 59-CCCTTCCTCTTCCGCCAGGCCCATCCC-39 and 59-CTAAGGTA-CCGGAATTTGGCGTGGACAGTCAGCC-39; poised promoter (region 2), 59-AGGTAGAGGATGTGGAATGAC-39 and 59-GGAGCGGAGG-ATGGG-39; and repressed region (region 3), 59-GCCTTACAGCCA-AGACAC-39 and 59-TCCCTCTGACATACCAAACC-39. HUVECs were co-transfected with 0.5 mg of the indicated constructs and 0.01 mg of Renilla luciferase reporter plasmid using Lipofectamine LTX (Invitrogen). After 5 h of transfection, the cells were washed with PBS and further incubated for 8 h in M199 medium supplemented with 20% FBS and ECGS. Then cells were starved for 12 h and treated with FGF2 (25 ng/ml) for the indicated times.
Luciferase activity was measured using the Dual-Glo Luciferase Assay System (Promega, Madison, WI). Renilla luciferase activity was normalized to the corresponding firefly luciferase activity and plotted as a percentage of the control (cells co-transfected with the corresponding concentration of control mimic).
Western blot analysis
Samples were prepared as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2007; Suárez et al., 2008; Suárez et al., 2010) . Western blots were performed using the rabbit polyclonal antibody against FGFR1 (1:200) (Santa Cruz Biotechnology Inc., Texas, TX) and mouse monoclonal anti-heat shock protein 90 (HSP90) (1:2000) (BD Biosciences). Protein bands were visualized using the Odyssey Infrared Imaging System (LI-COR Biotechnology). Densitometry analysis of the gels was carried out using ImageJ software from the NIH (http://rsbweb.nih.gov/ij/).
Quantitative real-time PCR
Total RNA was isolated using miRNeasy (Qiagen, Valencia, CA) according to the manufacturer's protocol. For mRNA quantification, cDNA was synthesized using the Taqman RT kit (Applied Biosystems, Austin, TX). Quantitative real-time PCR was performed using iQ TM SYBR Green Supermix (BioRad, Hercules, CA). The mRNA level was normalized using 18S rRNA as a housekeeping gene. The primer sequences used were: hsa-FGFR1, 59-ACCGTATGCCCGTAGCTCCA-39 and 59-GGGTCCCACTGGAAGGGCAT-39; hsa-GPC1, 59-AGC-GACGTGGTCCGGAAAGT-39 and 59-CATGGAGTCCAGGAGGTTC-CTCC-39; hsa-PAI-2, 59-ACTGGCTTGGAGCTGCTGGA-39 and 59-CCCGTCCCTTGTTGAAGGCG-39; hsa-Axl, 59-GGACACCCCAGA-GGTGCTAATGGA-39 and 59-CAGCTGGTGGACTGGCTGTGC-39; and hsa-18s, 59-GCTTAATTTGACTCAACACGGGA-39 and 59-AGCTATCAATCTGTCAATCCTGTC-39.
For miRNA quantification, total RNA was reverse transcribed using the RT2 miRNA First Strand kit (SABiosciences, Frederick, MD). Primers specific for human miR-149 (SABiosciences) were used, and the value was normalized to that of human SNORD38B as a housekeeping gene, as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2010) . Primers specific for human miR-149* were used as described previously (Jin et al., 2011) . For pri-miRNA quantification, cDNA was synthesized using the TaqMan RT kit (Applied Biosystems). Quantitative real-time PCR was performed using TaqMan Universal Master Mix (Applied Biosystems), as described previously. When described, human RNA samples were purchased from Life Technologies (Norwalk, CT).
Northern blot analysis of miRNAs miRNA expression was assessed by northern blot as described previously (Suárez et al., 2007; Suárez et al., 2008; Suárez et al., 2010) . Locked nucleic acid (LNA) miRNA detection probes were purchased from Exiqon (Woburn, MA). Oligonucleotides for hsa-miR-149, hsa-miR-149* and 5S rRNA were 59-GGGAGTGAAGACACGGAGCCAGA-39, 59-GCACAGCCCCCGTCCCTCCCT-39 and 59-CAGGCCCGACCC-TGCTTAGCTTCCGAGATCAGACGAGAT-39, respectively.
Cell number assessment
After 48 h of miRNA transfection, ECs were collected and the cell number was assessed using a hemocytometer as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2007; Suárez et al., 2008) . Viability was determined by Trypan Blue exclusion.
Migration experiments
A modified Boyden chamber was used (Costar transwell inserts; Corning), as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2007) . After 48 h of miRNA transfection, ECs (7610 4 ) were suspended in a 100-ml aliquot of DMEM containing 0.1% BSA and then cells were added to the upper chamber. DMEM containing 0.1% BSA and FGF2 (25 ng/ml) (Sigma) was added to the bottom chamber of the Boyden apparatus. After 5 h of incubation, the cells on both sides of the membrane were fixed and stained with a Diff-Quik staining kit (Baxter Healthcare, Miami, FL). The mean number of cells from five randomly chosen high-power (620) fields on the lower side of the membrane of each well was counted.
Cord formation assay
After 48 h of miRNA transfection, ECs (7610 4 ) were cultured in one well of a 24-well plate coated with 200 ml of growth-factor-reduced Matrigel (BD Biosciences), as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2007; Suárez et al., 2008) . The sprout length of capillary-like structures was imaged by using microscopy (Axiovert; Carl Zeiss MicroImaging), and the cumulative tube length was measured in three fields for each replicate per experiment.
Flow cytometry analysis
The analysis of cell cycle, apoptosis (sub-G1) and DNA synthesis rate was conducted as described previously (Chamorro-Jorganes et al., 2011; Suárez et al., 2007) . Briefly, at different times after transfections, cells were incubated with 100 mM 5-bromo-29-deoxyuridine (BrdU) (Sigma) for 4 h at 37˚C, then fixed in 70% cold ethanol. After 20 min of incubation at room temperature with 2 M HCl, cells were washed with PBS and incubated for 15 min at room temperature in PBS, 0.5% Tween 20 and 1% normal goat serum. Subsequently, cells were centrifuged, resuspended in 0.5% Tween 20, 1% normal goat serum containing 20 ml of FITC-labeled anti-BrdU (BD Biosciences) for 1 hour at room temperature and then stained with PI. A total of 10,000 events per sample were acquired for data analysis using CellQuest software, with selective gating to exclude doublet cells. Apoptotic cells were determined by their hypochromic subdiploid staining profiles (sub-G1 population).
Cellular protein levels of GPC1 were determined by flow cytometry (Suárez et al., 2007) . Briefly, cells were harvested and fixed with 2% paraformaldehyde for 15 min at room temperature. Then cells were washed in PBS and incubated with 0.1% of Triton X-100 for 7 min at 4˚C. Non-specific binding was blocked by incubation with PBS containing 3% BSA for 20 min. The cells were stained with a rabbit polyclonal human glypican 1 biotinylated antibody (1:100) (R&D Systems, Minneapolis, MN) for 1 h, washed with cold PBS and incubated with streptavidin-phycoerythrin (R&D Systems). Immunostained cells were then washed twice and analyzed on a FACSort using CellQuest software.
Tumor-induced neovascularization
Lewis lung carcinoma (LLC) cells (10 6 ) were injected subcutaneously into the dorsal flank of 8-week-old male mice as described (Suárez et al., 2008) . When tumors became palpable, scrambled-miR (scr-pre-miR) or pre-miR-149 lentiviral particles (1.5610 8 ) were delivered intratumorally. Tumor growth was assessed by measuring the length and width of the tumor using a caliper, and tumor volume was determined by the following formula: volume50.526(width) 2 6(length). After 21 days, the animals were euthanized and tumor tissues were collected and frozen in optimal cutting temperature (OCT) compound and were subsequently immunostained with monoclonal anti-mouse PECAM-1 antibody (1:200) (BD Biosciences). For each tumor, five images from three different sections were quantified. All animal experiments were approved by the Institutional Animal Care Committee of New York University Medical Center.
Statistical analysis
Data are expressed as mean6s.e.m. Statistical differences were measured by either the Student t-test or two-way ANOVA with Bonferroni correction for multiple comparisons when appropriate. A value of P#0.05 was considered statistically significant. Data analysis was performed using the Prism program (Statistical Graphics).
